We present a study of three-particle correlations among a trigger particle and associated scattering particles in Au + Au collisions at √ s N N = 200 GeV in the framework of a multi-phase transport model (AMPT) with both partonic and hadronic interactions. It was found that threeparticle correlation densities in different angular directions with respect to the triggered particle ('center', 'cone', 'deflected', 'near' and 'near-away') increase with number of participants. The density ratios of 'deflected'/'cone' approaches to 1.0 with the increasing of number of participants, which indicates a partonic Mach-like shock wave can be produced by strong parton cascade in central Au+Au collisions.
I. Introduction
Ultra-relativistic heavy ion collisions may provide conditions sufficient for the formation of a deconfined plasma of quarks and gluons [1] . The series of experimental results from RHIC indicate that a strongly-interacting partonic matter (termed sQGP) has been created in the early stage of Au + Au central collisions at √ s N N = 200 GeV at RHIC [2] . Jet-like azimuthal correlation is one of important hard probes to explore the natures of the new exotic matter. The disappearance [3] Email address: ygma@sinap.ac.cn. Corresponding author ( Y. G. Ma a ).
and re-appearance [4] of back-to-back jet have been proved to result from the interactions between jet-partons and the hot and dense medium created in central Au+Au collisions. Recently, an interesting Mach-like structure (the splitting of the away side peak in di-hadron ∆φ correlation) has been observed in di-hadron azimuthal angle (∆φ) correlations between soft associated particles and high p T trigger particles in central Au + Au collisions at √ s N N = 200 GeV [5, 6, 7] .
Some possible or related interpretations about the Mach-like structure have been proposed. For instances, Stöcker et al. proposed the Mach-like structure from jets traversing the dense medium as a probe of the equation of state (EOS) and the speed of sound in the medium [8] . CasalderreySolana, Shuryak and Teaney argued a shock wave generation because jets travel faster than the sound in the medium [9] . They fitted the broad splitting structure on the away side in di-hadron azimuthal correlation with a Mach-cone shock wave mechanism. Vitev has shown that the cancellation of collinear bremsstrahlung in QCD medium can lead to large angle emission of gluons [10] . Koch and Wang et al. used a Cherenkov radiation model with negative dispersion relation to produce the Mach-like structure [11] . In Refs. [12] , Armesto thought medium-induced gluon radiation could be affected by collective flow in the medium. It has also been argued by Müller et al. that a Mach-like structure can appear via the excitation of collective plasmon waves by the moving color charge associated with the leading jet [13] . Renk and Ruppert found that a large fraction (about 90%) of the lost energy of jet has to excite a shock wave under EOS with a soft ponit, in order to reproduce the data [14] . Satarov et al. investigated Mach shocks induced by partonic jets in expanding quark-gluon plasma [15] . However Chaudhuri and Heinz did not observe obvious Mach-like structures in di-hadron ∆φ correlations from jet quenching in the dynamical hydrodynamical evolution of a QGP fluid [16] . And so on.
Though many publications have been published as listed above, the quantitative understanding of the origin of strange splitting structure has yet to be established. The further researches are in progress both in theory and experiment. 'Three-particle correlation' is a very important one among them, which was proposed to identify above different physical scenarios. The method of di-hadron correlation can not distinguish the different physical scenarios, since the origins of these above ideas come from the attempt to interpret the observed dihadron correlations in experiment. However the three-particle correlation is capable of distinguishing the different scenarios. If the splitting structure of away side is from large angle gluon emission or deflection due to strong collective flow, the two associated particles will be clustered in a narrow angle swinging randomly far away from away-jet event by event. However if the production mechanism is Mach-cone shock wave or Cherenkov gluon radiation, the 'shock partons' or Cherenkov gluons will be emitted conically in single event, which means the two associated particles will have equal probability being opposite away from ∆φ = φ assoc − φ trig =π. Since three-particle correlation is a good probe to distinguish different scenarios, the related researches on its feasibility in experiment [17, 18] and experimental analysis [19, 20] are being done recently.
In our previous work, Mach-like structure has been observed by di-hadron correlations in a multi-phase transport model (AMPT) where both partonic and hadronic interactions are included [21] . Both parton cascade and hadronic rescattering can produce apparent di-hadron correlations with the Mach-like structure, but the hadronic rescattering mechanism alone can not reproduce the experimental amplitude of Mach-like cone on away side, which indicates that parton cascade process is indispensable. However the detailed dynamical mechanisms about Mach-like structure still need to be investigated. In this paper, we applied a three-particle correlation method to study the correlations among one trigger particle and two associated particles in Au + Au collisions at √ s N N = 200 GeV with AMPT model. Three particle correlations in azimuthal angular directions of 'cone', 'deflected', 'center','near' and 'near-away' regions, which will be defined later, have been observed in central Au + Au collisions. With decreasing number of participants, 'center' correlations become more dominant, and 'cone' and 'deflected' correlations seem to disappear. Our results will show that the three-particle correlations in central collisions are mainly produced by partonic Mach-like shock wave effect, while in peripheral collisions deflected jet effect also contributes to the Mach-like structure. Effects of hadronic rescatterings and parton cascades on three-particle correlation are also investigated.
II. Brief description of AMPT Model
AMPT model [22] is a hybrid model which consists of four main processes: the initial conditions, partonic interactions, the conversion from partonic matter into hadronic matter and hadronic interactions. The initial conditions, which include the spatial and momentum distributions of minijet partons and soft string excitation, are obtained from the HIJING model [23] . Excitation of strings melts strings into partons. Scatterings among partons are modelled by Zhang's parton cascade model (ZPC) [24] , which at present includes only two-body scattering with cross section obtained from the pQCD with screening mass. In the default version of the AMPT model [25] partons are recombined with their parent strings when they stop interaction, and the resulting strings are converted to hadrons by using a Lund string fragmentation model [26] . In the string melting version of the AMPT model (we briefly call it as "the melting AMPT" model) [27] , a simple quark coalescence model is used to combine partons into hadrons. Dynamics of the subsequent hadronic matter is then described by A Relativistic Transport (ART) model [28] . Details of the AMPT model can be found in a recent review [22] . As shown in previous studies [22, 27, 29] , the partonic effect can not be neglected and the melting AMPT model is much more appropriate than the default AMPT model when the energy density is much higher than the critical density for the QCD phase transition. In the present work, the partonic interacting cross section in AMPT model with string melting is selected as 10mb.
III. Analysis Method
The mixing-event technique has been used in our three-particle correlation analysis. The p T window cuts for trigger and associated particles are selected as 2.5 < p trig T < 4 GeV/c and 1.0 < p assoc T < 2.5 GeV/c, respectively. Both trigger and associated particles are selected within pseudo-rapidity window |η| < 1.0, where η is the pseudorapidity of hadrons in center-of-mass in the melting AMPT model with hadronic rescattering. Three background contributions are expected to be in the raw signal. The first one is hard-soft background which comes from a trigger-associated pair combined with a background associated particle. We reproduce it by mixing a trigger-associated pair with another fake associated particle that is from different event ( Figure 1(b) ). The second one is soft-soft background which comes from an associated particle pair combined with a background trigger particle. We produce it by mixing an associated particle pair with another fake trigger particle that is from different event (Figure 1(c) ). The third one is a random background, which are produced by mixing a trigger particle and two associated particles respectively from three different event ( Figure 1(d) ). We require that the mixed events are from very close centralities which can be determined by impact parameter. In order to subtract the background from the raw signals, we normalize the strip of 0.8 < |∆φ 1,2 | < 1.2 to zero. AMPT model which includes hadronic rescattering. In order to see the 3-particle correlations among trigger particle and two away-side associated particles on away side clearly, the magnified 3-particle correlations in 1 < ∆φ 1,2 < 5.28 area are shown in Figure 2 (c) and (d).
IV. Results and Discussions
In one three-particle correlation picture, we divide it into five regions. The first one is 'center' region (|∆φ 1,2 − π| < 0.5) where three-particle correlation mainly comes from one trigger particle and two associated particles in the center of away side. The 'center' correlations show penetration ability of back-jet. The second one is 'cone' region (|∆φ 1 − (π ± 1)| < 0.5 and |∆φ 2 − (π ∓ 1)| < 0.5) where threeparticle correlation gives the correlation between one trigger particle and two associated particle which are respectively from different cones of away side. It is predicted that 'cone' correlations may be caused by Mach-cone shock wave effect that when a jet goes faster than sound in the medium, shockwave would appear on away side. The third one is 'deflected' region (|∆φ 1,2 − (π ± 1)| < 0.5) where three-particle correlation can reflect the correlation between one trigger particle and two associated particles in the same cone of away side, which may be due to the sum of away-side jets deflected by radial flow and Mach-cone shock wave effect. The fourth one is 'near' region (|∆φ 1,2 | < 0.5) where three-particle correlation represents the correlation among trigger particle and associated particles on near side. The fifth one is 'near-away' correlations region (1 < ∆φ 1,2 < 5.28 and |∆φ 2,1 | < 0.5), which reflects the correlations among trigger particle, one associated particle on near side and another associated particle on away side. The five regions have been marked with different numbers in panel (a) of figure 2 for clarity. We next will pay our attentions to three-particle correlations in the above five regions. AMPT model before and after hadronic rescattering, which shows three-particle correlations among one trigger particle and two associated particles on away side. Here we chose the default AMPT model to simulate p+p collisions at √ s N N = 200 GeV/c, since the string melting mechanism has little effect on p+p collisions which has been checked before [22] . It can be seen that all 'center' ,'deflected' and 'cone' correlations can be observed in central Au+Au collisions with the melting AMPT model not only before but also after hadronic rescat- tering. As the collisions become more peripheral, the 'deflected' and 'cone' correlation gradually disappear until only 'center' correlations remain in the most peripheral collisions and p+p collisions. In order to quantitatively express three-particle correlation strength in these different regions, three-particle correlation density ρ is defined according to the following equation: Our results show that three-particle correlation densities decrease after hadronic rescattering process, which indicates hadronic rescattering could weaken threeparticle correlation strength partly. However di-hadron correlation is almost unchanged in this p T window selection in our previous work [21] , which indicates that three-particle correlation is more sensitive to the hadronic rescattering process than di-hadron correlation function. 200 GeV/c. Both ratios fall from above 2.0 in peripheral collisions into near 1.0 in central collisions with the increasing of N part , which indicates that the strength of 'center' correlation, which is dominate in peripheral collisions, becomes equivalent to those of other two correlations ('cone' and 'deflected') in most central collisions. Since the 'center' correlation reflects the ability of ′ pass − through ′ of backward jet, our results can be understood that backward jet can eject from reaction systems created by peripheral collisions more easily than from the dense matter in central collisions. In the inserted of the figure, the ratio of 'deflected'/'cone' slightly decreases with N part and approaches 1.0 in central collisions. Because the correlations within one cone-peak and between two cone-peaks on away side in di-hadron ∆φ correlations are equivalent in Mach-like shock wave (or Cherenkov gluon radiation) scenario, the corresponding three-particle correlation strengths at 'deflected' regions (π±D,π±D) and 'cone' regions (π±D,π∓D) should be same in the three-particle correlations originating from Mach-like shock wave (or Cherenkov gluon radiation), where D is the splitting parameter of Mach-like structure (i.e. half distance between two peaks on away side of di-hadron ∆φ correlation function). The results of three-particle correlations in the central Au+Au collisions are consistent with them. As we know, the melting AMPT model presented good descriptions of hadronic elliptic flow and even gave the mass ordering of elliptic flow [27, 29] which has been well described by hydrodynamics model. It can be attributed to the big cross section of parton interaction in the AMPT model which leads to strong parton cascade that couples the partons together, it therefore induces the onset of hydrodynamics behavior [30] . Because our model has not included Cherenkov gluon radiation mechanism, it can be concluded that the Mach-like structure is due to plentiful and sequential partonic interactions which could couple many partons together to exhibit the other collective behavior, i.e. partonic Mach-like shock wave [21, 30] , in Au+Au central collisions at
GeV/c. However the signal of Mach cone shock waves can be hardly observed in the di-hadron correlations in another dynamical hydrodynamical model [16] . It should be claimed that our model is dynamical parton cascade model which can work harmoniously not only near but also far away from jet region, while the linearized hydrodynamical approximation is not applicable near jet region where the medium is with rapid variation of energy density and without adequate thermalization [9] . On the other hand, the observed correlations may partly from deflected jets (represented by ρ def lected ρcone − 1 ) in peripheral collisions where 'center' correlation becomes dominate as claimed above, since no large angle gluon bremsstrahlung mechanism [10] is included in our model. In addition, we noticed the associated particles of backward jet may be distributed over the whole rapidity range not within our narrow η window cut due to partonic longitudinal flow or diffusion similar with the claim in Ref. [10] , but the selection of η cut only bases on the motivation of comparing with future experimental results at RHIC.
In addition, we compare the effect of parton cascade on three-particle and di-hadron correlation by showing the results of the default AMPT model versus the melting AMPT model in Fig. 5 . Figure 5 GeV/c. Though it is not perfect due to statistical limit, the default AMPT model seems to produce the similar three-particle correlation, but the three-particle correlation area in the default AMPT model is less obviously than that in the melting AMPT model. It is consistent with the results of di-hadron correlation in our previous work (see Figure 5 (c) and (d)) that concluded that only hadronic rescattering can not reproduce a big enough splitting parameter of Mach-like cone on away side [21] .
As we know, the experimental observations such as nuclear modification factor R cp is related to the energy loss of high p T jets. Figure 6 shows the transverse momentum dependences of nuclear modification fac- tor R cp of charge hadrons in the melting and default AMPT model with hadronic rescattering. The R cp is difined by following formula:
where the Central centrality and the Peripheral centrality are 0-10% and 40-60%, and the respective number of binary collisions N bin = 939.4 (0-10%), 93.7 (40-60%) in Fig. 6 . It was found that the R cp in the melting AMPT model is with similar shape of experimental data, which can match experimental data after increasing by factor 1.2. However the R cp from the default AMPT model seems to be independent of p T . From the above comparison of melting and default AMPT model, we can say the partonic interaction is essential to describe the shape of nuclear modification as a function of p T in Au+Au collisions. Furthermore, R cp is suppressed more heavily in higher p T range (p T > 3.5 GeV/c) in the melting AMPT model than in the default AMPT model, which may indicate that more energies are lost into the medium by parton cascade mechanism especially for high p T particles, which is expected to be in favor of the formation of partonic Mach-like shock waves.
V. Conclusions
Three-particle correlations have been extracted by using mixing event technique in a multi-phase transport model with both partonic and hadronic interactions. All the 'center' ,'deflected', 'cone', 'near' and 'near-away' correlations have been discussed for Au+Au collisions at √ s N N = 200 GeV/c and the results are compared in the framework of AMPT model with and without hadronic rescattering. It was found that the 'center' three-particle correlation becomes more and more dominant with the decreasing of number of participants, which may reflect the centrality dependence of partonic density and the strength of partonic interactions. The density ratio of 'deflected'/'cone' approaches 1.0 in central collisions indicates that the threeparticle correlation in central collisions is mainly produced by a partonic Mach-like shock wave mechanism, and in peripheral collisions deflected jet mechanism contributes. The Mach-like shock wave mainly originates from many sequential partonic interactions in dense partonic matter. It was found that three-particle correlations are also sensitive to hadronic rescattering, therefore the effect of hadronic rescattering may need to be considered in quantitative studies of three-particle correlation. On the other hand, the default AMPT model, where the hadronic rescattering mechanism plays a dominant role, only produces a three-particle correlation area much smaller than the melting AMPT model which includes both parton cascade and hadron rescattering mechanisms. This is consistent with our conclusion in our previous work on dihadron correlation function where we found that hadronic rescattering alone cannot produce a big enough amplitude of Mach-like cone on away side. Therefore, parton cascade mechanism is essential and important in order to describe the amplitude of observed experimental Mach-like structure.
